Notwithstanding recent advances in hydrological modelling, flood simulations remain challenging since many processes must be simulated with high computational efficiency. This paper presents a novel geographic information system (GIS)-oriented platform 3DNet and the associated hydrologic model, with focus on the platform and model features that are relevant for flood simulations. The platform enables hydraulic structures to be incorporated in the hydrologic model, as well as water retention. A limiting capacity can be imposed on every river reach enabling estimation of flooding volume. Runoff is simulated within irregularly shaped units that can be aggregated providing spatial flexibility, i.e. model setup can vary from lumped to semi-and fully-distributed. The model contains many parameters with a physical connotation that can be inferred from catchment characteristics, and it enables simulations with minimum data requirements. All algorithms are implemented in Cþþ warranting fast computations, while the spatial flexibility can provide additional speed-up. The model is used for a reconstruction of a devastating flood in the Kolubara catchment in May 2014. Despite incomplete and uncertain observations, reasonable results across the catchment are obtained with the plausible parameter estimates. The results suggest that enclosure of the presented features in flood simulation tools would improve simulation accuracy and efficiency. fall events, prolonged heavy rainfall or snowmelt, although Kauffeldt et al. () in their review noted an absence of a snow routine in many models for flood forecasting. Flow routing in rivers is essential for FFS, but in hydrological models it is often either omitted (especially for smaller catchments; Schaefli et al. ) or simulated by simplified methods such as the Muskingum or kinematic-wave 766
INTRODUCTION
Flood flow simulations (FFS), aimed at flood forecasting or at assessing the impact of flood protection measures, represent an important application of hydrologic models.
Despite recent progress in hydrological modelling, FFS have remained challenging because they involve consideration of many aspects of hydrological modelling including model structure, modelling approach (continuous vs. event-based, lumped vs. distributed), model calibration data and method, etc.
Extreme flow simulations are very sensitive to model structure (Onyutha ) . Finding an optimal structure that properly reflects processes and enables fast simulations with minimum data requirements remains one of the greatest challenges in FFS (Cloke & Pappenberger ) .
Structure of a model aimed at FFS should enable simulations of different flood generation mechanisms triggered by various precipitation types, such as short convective rain-methods (for a review see Bierkens () and Kauffeldt et al. () ). Some models allow a user to select among several routing methods (e.g. HYPE (Lindström et al. ) or HEC-HMS (Feldman )), while application of more complex methods such as full dynamic routing is uncommon because of required data on river cross-sections (Van Der Knijff et al. ) . Accurate estimation of initial conditions (primarily antecedent soil moisture) is also crucial for effective FFS and continuous simulations are therefore preferred to event-based modelling (Berthet et al. ) .
Spatial variability of precipitation and catchment
properties significantly influences the shape of flood hydrographs (Schuurmans & Bierkens ) , especially during extreme events (Brigode et al. ) . This spatial variability can be accommodated by distributed hydrologic models, which simulate hydrologic processes in each computational cell and can therefore capture spatial origin of runoff (Beven ) . Although distributed models are associated with challenging calibration and high computational demand, finer spatial resolution can improve model performance (Chang & Chao ; Cui et al. ) . However, a balance between finer resolution, i.e. more accurate simulations, and computational time of distributed models is necessary. Fine spatial resolution also requires high-quality input data; Her & Heatwole () showed that errors in topographic data have a significant effect on simulated hydrographs, while the effect of errors in land use type is minor.
Improved results without increasing spatial resolution can be obtained by using irregularly shaped computational cells, which concur with catchment topography better than a raster grid (Paniconi & Putti ) . Furthermore, flexibility in spatial resolution is advantageous as it allows adjusting resolution for a particular catchment with respect to required computational time.
Numerous models of varying complexity are presently used for FFS, ranging from rather complex physically- Another challenge related to FFS is to provide simulation of inundation outside the main channel and flooding due to levee overtopping. For this purpose, hydrologic models can be coupled to hydrodynamic ones, which have much finer spatial and temporal resolution (see e.g.
an application of MIKE-SHE-MIKE11 chain by Clilverd et al. ()). However, simulations with these modelling chains are computationally and data demanding.
Human impact reflected in deforestation, urbanisation or river-engineering measures poses a great problem for hydrological modelling in general (Seibert & van Meerveld ) . River engineering measures, particularly reservoirs, should be incorporated in FFS since they significantly affect flood wave transformation. However, few hydrological models can accommodate reservoirs: e.g. MIKE-SHE, TOPKAPI, HYPE and HEC-HMS.
In this paper, a novel geographic information system (GIS)-oriented hydroinformatic platform 3DNet with the built-in 3DNet-Catch hydrologic model and their application for FFS is presented. The platform provides a range of geo-spatial data pre-processing, manipulation and visualisation functions with a smooth interface to several simulation models, one of which is 3DNet-Catch. The 3DNet-Catch model is developed (1) to represent key processes in sloped catchments of temperate climate, with a structure that represents a balanced compromise between complex physically-based and parsimonious models, and
(2) to enable simulations with minimum data requirements. The majority of model parameters are physically based and can be inferred from topography, land use and soil types data, thereby facilitating model calibration.
The platform provides the model with spatial flexibility so that the model spatial resolution can be adjusted to provide accurate and efficient simulations. Spatial representation of catchment processes and features can range from fully-distributed to lumped, depending on the modelling task and available data. This flexibility is facilitated by irregularly shaped computational cells, which can be grouped into different hydrologic response units (HRUs) of various sizes, contrary to the majority of raster-based distributed models (for a review see Kampf & Burges () ).
The platform and the model offer another feature relevant for extreme flood simulations, and that is the ability to include various water management facilities such as reservoirs or diversions. By imposing limitations on the capacity of river reaches, flooding volume can also be estimated. In this way, water retention and flooding can be approximately simulated without employing a demanding hydrodynamic model. The remainder of this paper is organised as follows. The 3DNet platform and its general characteristics are presented concisely in the next section. The subsequent section describes in more detail the Catch module of the platform, intended for data pre-processing for hydrological simulations, and focuses on the development of catchment computational structure and preparation of meteorological forcing. The 3DNet-Catch hydrologic model structure, inputs and outputs are then briefly described in fourth section, followed by the section on model application for reconstructing the extreme flood in May 2014, and the sections with the results, discussion and conclusions on development of hydrologic models and tools for FFS.
THE 3DNET HYDROINFORMATIC PLATFORM
The 3DNet is a comprehensive GIS-oriented platform for hydraulic and hydrological modelling developed at the Faculty of Civil Engineering of the University of Belgrade.
Its name stems from its three-dimensional representation of water systems (sewer system, stream network, etc.) and terrain (Pokrajac & Stanić ) . It has been used mainly for hydrological simulations and for design of water supply and wastewater systems in the Western Balkans region (Vasilić et al. ) . Its wide application is accompanied by its continuous development.
The platform consists of two groups of modules. The first group includes the Terrain and Geology modules for geospatial data pre-processing and manipulation. The Terrain is the core platform module and enables creating/importing the digital terrain model (DTM), mesh triangulation to obtain triangulated irregular network (TIN) and manipulation of raster data such as topographic maps. A set of points that comprise the DTM can be either imported from an external file or digitised in 3DNet from an underlying topographical map. The TIN terrain model is generated by applying the constrained 3D Delaunay triangulation over a given set of control points and structural lines that make a plain straight-line graph.
The control points are comprised of the terrain points, while the stream network and optionally the watershed divide represent the structural lines. The size of the triangles is limited to a specified area of maximum circumcircle, which is a parameter that has to be specified prior to triangulation (Cheng Interactions between the sewer system and groundwater can also be simulated. The WatNet module simulates flow through pressurised networks with EPANET 2.0 (Rossman ) as the simulation engine. The UGROW module is a groundwater flow model based on a finite element mesh enhanced to capture interactions between groundwater and urban water systems and/or streams (Pokrajac & Stanić ) . It is a convenient tool for various practical problems of urban water management such as assessing the risk of groundwater pollution by leaking sewers or estimating groundwater recharge from water supply system leakage (Todorović et al. ) .
To enable fast computations, all algorithms are programmed in Cþþ. Data are stored in an accompanying database with two-way communication with 3DNet through SQL. Database structure is pre-set to accommodate geospatial and water-related input data (e.g. elevation-discharge curves, water consumption patterns, meteorological observations, etc.), processed geo-spatial data (e.g. areas, lengths, slopes, etc.) and simulation results.
Communication between 3DNet and end-users is provided through a simple, intuitive and easy-to-use graphical interface ( Figure 1 ). The embedded modules are represented by drop-down menus and by corresponding data groups in the object panel (left panel in Figure 1 ). The structure of the object panel in 3DNet is pre-set and, differently from other GIS software, cannot be altered by the user. However, some objects can be organised into user-specified layers (e.g. meteorological stations; see bottom of the object panel in Figure 1 ). Three buttons beside the objects serve to set data and drawing properties (the L button is for the layer properties, while the A and P buttons stand for object attributes and properties). The objects in the workspace can easily be manipulated by tools from the toolbar. The 3DNet platform enables effective 3D visualisation of terrain, water systems and simulation results (e.g. groundwater levels, hydrographs at selected points).
THE CATCH MODULE -PRE-PROCESSING FOR HYDROLOGICAL MODELLING
The Catch module comprises algorithms for data pre-processing and for hydrological modelling. This section describes the data preparation algorithms and data structure, while the hydrologic model is described in the next section. 
Data preparation for hydrological modelling includes:
(1) catchment computational structure (i.e. stream network, hydraulic structures and associated drainage areas), (2) properties of drainage areas (slopes, areas) and stream network (lengths, slopes) and (3) 
where K sat denotes saturated hydraulic conductivity, n is the pore-size distribution index, and STO and WP denote soil water content at saturation and permanent wilting point, respectively. The term S r is calculated from the current soil water content, SW (t):
Percolation is limited by the residual soil moisture, which is approximated by volumetric soil water content at permanent wilting point (in m 3 ·m À3 ). Evaporation from soil decreases exponentially with a decline in soil moisture.
Percolation from the upper layer is the input to any subsurface soil layer, while the output comprises transpiration E T and percolation to deeper soil layers or groundwater reservoir. Percolation from all soil layers is computed using the same equations, but the parameters may differ across the layers. Transpiration is distributed among subsurface layers according to their thickness and is limited by the available soil moisture (Neitsch et al. ) .
Within the response routine, surface runoff is routed to the outlet through a linear reservoir, resulting in direct runoff Q DIR . The linear reservoir coefficient is estimated from the mean travel time T c to the drainage point:
where N HRU denotes number of draining HRUs, while T c,j is 
Inputs and outputs
Geo-spatial and hydro-meteorological data should be sup- are stored in the database and can be used externally.
CASE STUDY
The Kolubara catchment Figure S1 in the supplementary material, available with the online version of this paper 
Available data
Rain depths and temperatures at 30 meteorological gauges are available between 11th and 18th May 2014 ( Figure 5 ).
Observed daily precipitation depths are downscaled to hourly level based on the hourly data from three recording rain gauges within the catchment and another six in its vicinity. Hourly precipitation at non-recording rain gauges is estimated from weighted dimensionless rainfall mass curves at the recording rain gauges, with areas of the Thiessen polygons as weights (Zlatanović & Prohaska ) . in Figure 5 ) and rainfall intercepted by them is routed to the nearest downstream HP.
The semi-distributed model setup is used, meaning that each subcatchment is assigned a unique parameter set.
Meteorological forcing is obtained for every unit by the inverse-distance interpolation method, without any adjustment with elevation due to the absence of clear correlation between the observations and station altitudes.
Evaporation is neglected due to the continuous rainfall and high humidity in the simulation period. The performance measures given in Table S1 • Model spatial flexibility is important to provide a balance between the accuracy in describing the catchment processes and computational speed in accordance with different modelling aims and different levels of quality of the available data.
These features of the platform and the model might therefore be considered in development/enhancement of other hydrologic models and tools aimed for extreme flood simulations.
